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Effects of CD28 Costimulation on Long-Term Proliferation of 
CD4 + T Cells in the Absence of Exogenous Feeder Cells 1 

Bruce L Levine, 2 * Wendy B. Bernstein/ Mark Connors/ Nancy Craighead/ Tullia Lindsten/ 
Craig B. Thompson/ and Carl H. June* 

In this report, conditions for prolonged in vitro proliferation of polyclonal adult CD4 + T cells via stimulation with immobilized 
anti-CD3 plus anti-CD28 have been established. CD4 + cells maintained exponential growth for more than 60 days during which 
a total 10 9 - to 10 n -fold expansion occurred. Cell cultures exhibited cyclical changes in cell volume, indicating that, in terms 
of proliferative rate, cells do not have to rest before restimulation. Indeed, electronic cell size analysis was the most reliable 
method to determine when to restimulate with additional immobilized mAb. The initial ~10 5 -fold expansion was autocrine, 
occurring in the absence of exogenous cytokines or feeder cells. Addition of recombinant human IL-2 after the initial autocrine 
expansion resulted in continued exponential proliferation. Phorbol ester plus ionomycin also induced long-term growth when 
combined with anti-CD28 stimulation. Analysis of the T cell repertoire after prolonged expansion revealed a diverse repertoire 
as assessed by anti-TCR V/3 Abs or a PCR-based assay. Cytokines produced were consistent with maintenance of both Th1 and 
Th2 phenotypes; however, the mode of CD3 and CD28 stimulation could influence the cytokine secretion pattern. When 
anti-CD3 and anti-CD28 were immobilized on the same surface, ELISAs on culture supernatants revealed a pattern consistent 
with Thl secretion. Northern analysis revealed that cytokine gene expression remained inducible. Spontaneous growth or cell 
transformation was not observed in more than 100 experiments. Together, these observations may have implications for gene 
therapy and adoptive immunotherapy. Furthermore, these culture conditions establish a model to study the finite lifespan of 
mature T lymphocytes. The Journal of Immunology, 1997, 159: 5921-5930. 



In vivo, T lymphocytes require at least two signals for com- 
plete activation. In addition to an Ag signal, a second co- 
stimulatory signal allows a T helper cell to produce sufficient 
IL-2 and other cytokines to allow autocrine-driven clonal expan- 
sion (1,2). The CD28 receptor on T cells is able to provide such 
a costimulatory signal following interaction with CD80 or CD86 
on APCs (2-4). CD28 stimulation has been shown to stabilize 
cytokine mRNA and can also induce the cell survival gene Bcl-X, 
(5). Indeed, the antiapoptotic effect appears to be a major role for 
CD28 ligation in vivo (6). Recently, the CCRl, CCR2, and CCR5 
/3 chemokine receptors have been identified as the first described 
genes that are down-regulated following CD28 stimulation (7, 8). 

Besides CD28, CD80 and CD86 are also able to bind to another 
related receptor on T cells, CTLA4, with a higher affinity than for 
CD28 (9-11). Recent evidence has indicated that the role of 
CD 152 (CTLA4) may be to deliver a negative signal (12) to an 
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activated cell, resulting in anergy or cell death (13), which may be 
important in clearing cells from the site of an immune response 
(14). Further, mice deficient of CTLA4 die of massive T cell pro- 
liferation within a few weeks of birth (15, 16). Therefore, the rel- 
ative expression of CD28 or CTLA4 on the surface of a T cell may 
determine whether the cell will become activated and continue to 
divide, become tolerant, or die. 

The control of T cell homeostasis is complex and not completely 
understood. The lifespan of normal T cells is heterogeneous, as T 
cells have been shown to consist of multiple subsets of cells com- 
posed of both long-lived and short-lived cells (17). In humans 
receiving radiotherapy for nonlymphoid malignancies, the inter- 
mitotic survival time of naive T cells is estimated to be about 3.5 
years and for memory T cells, about 22 wk (18). To begin to gain 
an understanding of post-thymic T cell survival, it is necessary to 
know the replicative capacity of T cells as well as the intermitotic 
survival time. Because of the ability of CD28 to induce the cell 
survival gene Bcl-X, (5), we began studies directed at developing 
a culture system that would allow the polyclonal proliferation of 
purified CD4 + T cells. We thus developed a method to stimulate 
CD4 + T cells that may provide for more optimal CD28 stimula- 
tion, with less "feeder cells" expressing B7-1 or B7-2 that might 
trigger CTLA4. Signal 1 is provided by a mAb directed against 
CD3, and the costimulatory signal is provided by a mAb directed 
against CD28 that does not cross-react with CTLA4. In addition, 
this system allows for long-term polyclonal expansion of HIV- 
infected CD4 cells (19) due to down-regulation of HIV coreceptors 
(7). We report that mixtures of adult naive and memory CD4 cells 
can undergo about 30 to 40 population doublings (PDs). 3 The cells 



3 Abbreviations used in this paper: PD, population doubling; PDL, population- 
doubling level. 
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retain a hiehly diverse TCR repertoire and can be induced to se- 
crete mixtures of cytokines characteristic of 1 h 1 or Hi. cells, de- 
pending on the form of CD28 stimulation. Th,s system -nay b, 
useful in adoptive immunotherapy and gene therapy protocols, not 
only for viral infections, but also for the treatment of malignances 
in which .he rapid expansion of purif.ed T cells .s desirable. 

Materials and Methods 

Antibodies 

For cell purifications, the following ^«<* ^"^Z^i CD\l 
a ,„,irn« OKT8 fIeG2a) anti-CDIIb OKM1 (lgG2b), anti-^DM 

S?K?«SSi6Sw»'). an,i - CD20 ,F5 w S 

HLA-DR 2 06 (IgGI). All of the hybridomas were obtained from the 
African Type Culture Collection (Rockvi.le. MD) except 3G8 < *luch 
\Z " kmd gift of Dr. Stephen Shaw (National Institutes of HeaUh. Be- 
Thesda MD) 8 Fors,imu.a.io„s. an.i-CD3 OKT3 (IgG.) and an«.-CD28 9.3 
(lgG2a) were used. 

Cells 

PBLs were isolated by PercoH gradient ^g^^^^. 
fi^de^^ 

magnetic bUds (Dyna.. Uke Success. NY). In ^ «^^ T *£* 
of L separation was monitored by flow cytometry: CD28 CD4 Tcells 

were >98% CD3 + , >98% CD28*. and <3% CD8 
Long-term cell cultures 

Cells were cultured in RPM1 1640 (B.oWhiuaker, Walkersville. MD) sup- 
Cells were cu uur mM , utamlne (B io- 

S3 beads (Toly.ac.ivated M-450; Dyna.) a, ~ .50 fg per bead c.* 
S^c^ed^ 

r^e^ 

were counted and monitored for cell «a or volume on '^^""2 
SIsS fcm.oli.ers and for activated cells, a lower gate was set at 76 5 

of the line number of cells plotted against days. 
CDR3 size analysis to determine TCR Vp diversity 

for 15 ml». RtsMrf *N» "~" a " '""*" ,on ™* """" 
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CD4* cells was amplified using V0 region primers for each of 20 V<3 
f^lies and a C(3 region (24). Each PCR consisted of 1 x Pro.nega (Mad- 
: W>, .OX .'utlcf. ».l n,M dNTP, 1.7 ...M MgCi:. 0.6 ^ CP pnmer 
8 M cDNA. and 0.5 U To, coupled will. TaqSian Ab .Cunlech. 1 alo 
Allc^ CA) The reaction was conducted in a 9600 Perk.n-Elme, Mhermo- 
cvder (N rwalk, CT) for 40 cycles: 90°C for 25 s followed by 40 cycles . 
ofwCfor 25 s 60°C for 45 s, 72»C for 45 s, followed by an ex*ns,on 
period a, 72«C for 5 min. A 2-^1 aliquot of this reaction was then submitted 
fo one cycle runoff reaction using a 6-FAM-.abeled C P pnmer. The sanv 
pies were then mixed with deionized formamide. Rox-500 Size standard 
(Perkin-Elmer). and dex.ran blue and subjected to electrophoresis on a 373 
Appfed Biosystem Sequencer (Fos.erCity, CA) using a 24-cm well to read 
X and an's M urel, 6% po.yacry.amide gel ^'a were then ana yzed 
using the GeneScan Software 672 Analysis Software (Perk.n-Elmer). 

Cytokine assays 

Cytokine contents in long-term cultures were determined upon resti™la- 
rton by washing the cells in fresh medium, rest.mulat.on w.th beads and 
coUecrion of supernatant* after 24 h. Concentrations of cytokines n. celt- 
reelupernatanlTwere assayed by EL.SA ^^T^l^^ 
Liu obuuied from the following sources: 1L-2. T Cell Diagnostics/Endo- 
Woburn MA); IL-4, R&D Systems (Minneapolis. MN) or D.anova 
(Hamburg Germany); IL-5. TNF-o, granulocyte macrophage-CSF. MIP 
KlP .> RANTEk. R&D Systems. IL-.0. Dianova; IL-.3, B.osource 
Camarmo CA); 1FN-7, E-dogen (Wobum, MA) or R&D Systems. A.I 
la'ues reported were assessed by using dilutions of culture ^supernatant that 
yielded read-outs within the linear portion of the standard curve. 

Results __.+ 

CD28 costimulation specifically augments long-term W4 

T cell proliferation 

Previous studies have shown that CD28 costimulation can specif- 
ically augment the proliferation of T cells during short-term cul- 
ture To more fully characterize the proliferative potential of adult 
CD4 + T cells, cells were initially incubated with either anti- 
CD3 + anti-CD28 coimmobilized on beads, PHA + recombinant 
human IL-2 or anti-CD3 immobilized on beads plus recombinant 
human IL-2. as shown in Figure 1A. In earlier experiments, the 
ratio of an.i-CD3 (OKT3) to anti-CD28 (9.3) conjugated to the 
beads was titrated and optimal long-term proliferation was ob- 
served at a ratio of 1: 1 (data not shown). Only cells simulated w.th 
the combination of anti-CD3 and anti-CD28 exhibited long-term 
growth. Cells cultured with op timal amounts of a nU-CD3jMus re- 
combinan[hSjiiiLl^ 

hibUedlimilar growth rates for the initial 2 to 3 wk of culture 
compared with anti-CD3 plus anti-CD28-s.imulated cells Ho*; 
ever jhe£r^osthTHila^^ 

^r^tioland the anti-CD3 pJuTre^ombinant human IL-2 and PHA 
piuTre^mbinant human IL-2-stimulated cultures entered the pla- 
teau phase of growth in the 2nd to 3rd weeks of culture. Cell 
' wmten in the experiment shown in Figure IA had increased ~1 
log,, more in cultures stimulated with ant,-CD3 plus ant,-CD28 
man cultures stimulated withanti-CD3 + recombinant human IL_ 2 
or PHA + recombinant human IL-2 by day 20 of culture. The 
input cells were typically >97% CD28+. >95% CD4 + (data not 
shown). It is important to note that APC were removed by negative 
immunomagnetic selection before the initiation of the culture. This 
was assured by the failure of the CD4 + cells to grow in the pres- 
ence of PHA alone. Furthermore, the proliferation induced by anti- 
CD3/CD28-coated beads was entirely autocrine, as exogenous cy- 
tokines or feeder cells were not added to the culture. Finally, the 
ability of anti-CD28 to sustain cell proliferation was specific, as 
beads coated with anti-CD3 and a variety of other Abs to T cell 
See structures such as MHC class I. CD4, CDS. CD 7, CD43. 
CD45 CD40L and CTLA4 did not exhibit sustained proliferation 
(25 and data not shown). Thus, increased cell adhesion to the 
beads cannot account for specific enhancement of growth 
by CD28. 
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FIGURE 1. CD28 costimulation mediates growth of peripheral 
blood CD4 + CD28 + T cells in the absence of exogenous cytokines or 
feeder cells and does not require Ag receptor stimulation. A, Anti-CD3 
(OKT3) + anti-CD28 (9.3)-coated Dynal beads (solid squares), or anti- 
CD3 (OKT3)-coated Dynal beads + recombinant human IL-2 100 
U/ml (open triangles), or PHA 5 tig/m\ + recombinant human IL-2 1 00 
U/ml (solid circles) were added to CD4 + T cells. B, PMA 1.9 nM + 
ionomycin 0.08 fxg/m\ (solid squares), or PMA 1 .9 nM + ionomycin 
0.08 ptg/ml + recombinant human IL-2 100 U/ml (solid circles), or 
PMA 1 .9 nM + ionomycin 0.08 /ig/ml + anti-CD28 (9.3)-coated Dy- 
nal beads (solid triangles) were added to CD4 + T cells. Fresh medium 
was added to the cultures as required and excess cells discarded as 
described in Materials and Methods, Where indicated, recombinant 
human IL-2 was added to media for cells grown in recombinant hu- 
man IL-2 to maintain a concentration of 100 U/ml. Cell number was 
determined using the average of two counts on a Coulter Counter 7M. 
The total number of cells that would be expected to accumulate is 
displayed, taking into account discarded cells. 



To further delineate the specificity of anti-CD28 to induce long- 
term autocrine proliferation, CD4 + T cells were stimulated with 
either PMA plus ionomycin, PMA plus ionomycin plus recombi- 
nant human IL-2, or PMA plus ionomycin plus anti-CD28 as 
shown in Figure IB. Earlier experiments established optimal con- 
centrations of PMA and ionomycin for T cell proliferation (data 
not shown). The addition of anti-CD28 prolonged and enhanced 
proliferation observed with PMA + ionomycin. Recombinant hu- 
man IL-2 could not replace the effect of CD28 addition, similar to 
the result observed in Figure I A in the context of anti-CD3 stim- 
ulation. The inability of recombinant human IL-2 addition to com- 



pletely replace the growth-promoting effects of CD28 costimula- 
tion is likely related to the ability of CD28 and not IL-2 to induce 
sustained expression of the antiapoptotic gene Bcl-X| (5). Another 
possibility is that CD28 may preserve the responsiveness of cells 
to IL-2 receptor stimulation. Recently, mouse T cell clones first 
stimulated with Ag and later by cross-linking the TCR were shown 
to become unresponsive to IL-2 (26). In addition, this experiment 
indicates that surface engagement of the TCR by anti-CD3 is not 
required for the growth-potentiating effects of CD28 costimula- 
tion, as pharmacologic "bypass" activation appears to be sufficient. 
Furthermore, a prolonged lag phase was observed in cultures of 
PMA plus ionomycin plus anti-CD28 stimulation, shown in Figure 
lfl, as revealed by comparing the lag phase in cultures stimulated 
with anti-CD3 and anti-CD28, shown in Figure 1A. The explana- 
tion for the increased lag phase in PMA/ionomycin-stimulated cul- 
tures is not fully known, but is likely related to the observation that 
only a subset of cells bearing CD 101 responds to anti-CD28 and 
PMA stimulation, while essentially all CD28 + cells respond when 
stimulated with anti-CD3 plus anti-CD28 (27). Together, these ex- 
periments confirm and extend previous results showing that CD28 
delivers a signal that costimulates T cells stimulated by anti-CD3 
or by phorbol esters plus calcium ionophore and results in auto- 
crine proliferation for about 1 mo (28). 

Cyclical restimuiation of CD4 + T cells with immobilized 
ant 't -CD 3 /CD 2 8 results in long-term exponential growth 

In the absence of exogenous recombinant human IL-2 addition we 
have previously shown that CD4 + T cells stimulated with anti- 
CD3/CD28 will exhibit exponential growth for about 20 days (28), 
while CD4+CD45RA+ (naive) T cells will exhibit exponential 
growth for about 45 days (29). In addition, we found that repeated 
addition of beads coated with anti-CD3/CD28 was necessary to 
sustain cell proliferation, and that addition of exogenous recom- 
binant human IL-2 could further sustain proliferation. In Figure 
24, the growth curve of CD4 + T cells cyclically stimulated by 
anti-CD3/CD28 beads, as described in Materials and Methods, is 
shown. After the fifth restimuiation, the cells are no longer able to 
maintain logarithmic growth and plateau at 8 log 10 above the input 
number of cells, corresponding to a mean population-doubling 
level (PDL) of 27. In contrast, the period of exponential growth 
could be extended to >60 days when recombinant human IL-2 was 
added to the culture. In the experiment shown in Figure 2A, the 
exponential growth phase was extended to a 2 X I0 lo -fold in- 
crease, or a PDL of 34, with the addition of exogenous recombi- 
nant human IL-2 on day 49 of culture, at a point when the cells had 
become unresponsive to repeated CD3/CD28 stimulation alone. 
The phenotype of the cells remained >99% TCR-aj3 + CD4 + (data 
not shown). The diversity of the TCR expressed in the cells is 
shown below. 

Summarized in Table I are durations of culture and fold expan- 
sion of 10 independent CD4 + T cell cultures performed as de- 
scribed in Materials and Methods. The cells could be periodically 
restimulated with anti-CD3/CD28 beads with or without the addi- 
tion of exogenous recombinant human IL-2, which was added 
when the culture was unresponsive to further restimuiation with 
anti-CD3/CD28 alone. In the absence of recombinant human IL-2 
addition, the cells had an average 2 X I0 5 -fold expansion and an 
average duration of culture of 39 days. Long-term CD4 prolifer- 
ation could be obtained with the combination of CD3/CD28 and 
recombinant human IL-2 stimulation of CD4 cells, with an average 
duration of proliferation of 82 days. The proliferation was expo- 
nential in all cultures as indicated by the semilog plot of cell num- 
ber vs days of culture. In the cultures grown in the absence of 
exogenous recombinant human IL-2, the average PD time was 
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Day of Culture 




FIGURE 2. Cyclic changes in cell volume occur during long-term 
exponential proliferation of CD4 + T cells mediated by stimulation with 
anti-CD3 plus anti-CD28 immobilized on beads. A, Growth of CD4 + 
T cells following six cycles of bead restimulation without the addition 
of exogenous cytokines (closed circles); the same experiment with the 
exception of the addition of exogenous recombinant human IL-2 on 
day 49 (closed circles followed by open triangles). B r Mean cell vol- 
ume (femtoliters) of CD4 + T cells cyclically restimulated with anti- 
CD3 + anti-CD28-coated beads. At the initiation of the culture, pe- 
ripheral blood CD4 + T cells had a mean cell volume of 159 
femtoliters. Cells were restimulated on days 12, 22, 31, 39, and 45 
when the mean cell volume fell below 400 femtoliters. Volume was 
measured on a Coulter Channelyzer Model C256. For resting day 0 
cells, a gate was set to exclude particles <65 femtoliters; for activated 
cells! a gate was set to exclude particles <200 femtoliters to ensure 
that beads in the culture were not sized. 



37.9 h. In contrast, during the IL-2-dependent phase of cell ex- 
pansion, the PD time was somewhat slower at 53.2 h. The average 
PDL for adult CD4 + T cell cultures with exogenous recombinant 
human IL-2 added was 33 (1 X 10 ,o -fold expansion). The highest 
PDL obtained following anti-CD3/CD28 stimulation + recombi- 
nant human IL-2 of CD4 + naive T cells was 4 1 .6 (data not shown). 
Thus, CD3/CD28 stimulation allows for substantial autocrine- 
driven proliferation followed by a period of proliferation that is 
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paracrine and dependent upon the addition of exugenou* 
cytokines. 

Cyclical restimulation ofCD4" T cells with immobilized 
anti-CD3/CD28 results in cyclical changes in cell volume 
independent of proliferative rate 

The above results established that exponential proliferation could 
be maintained for many weeks by periodic restimulation of CD4 
cells with anti-CD3/CD28-coated beads. As mentioned earlier, we 
observed that prolonged exponential proliferation could be 
achieved if cells were periodically restimulated with Ab-coated 
beads when cells approached resting cell volumes. In Figure 2B the 
cell volumes are displayed for the growth curve shown in Figure 
2A. Resting T cells have a mean cell volume of -170 femtoliters. 
CD4 + T cells stimulated with immobilized anti-CD3/CD28 in- 
creased in volume from 170 femtoliters to nearly 900 femtoliters 
by 3 days. The cell volume gradually declined over the course of 
12 days to 377 femtoliters. At this point, the cells were restimu- 
lated by the addition of fresh anti-CD3/CD28 beads and the cell 
volume again returned to near 900 femtoliters. The culture shown 
in Figure 2 was restimulated five times, on culture days 12, 22, 31, 
39, and 45 before these cells became unresponsive to further re- 
stimulation by the addition of anti-CD3/CD28 beads. By compar- 
ing Figure 2, A and £, it is apparent that cyclic changes in cell 
volume occur that are independent of the rate of cell proliferation. 
It has been commonly thought that T cell clones need to be "rest- 
ed" before restimulation. Our results indicate that plateaus in the 
growth curve are not necessary for cells to regain responsiveness 
to restimulation. However, a decrease in cell volume appears to 
serve as an indication that the cells have become responsive to 
further restimulation. Using this cell stimulation protocol, we have 
been unable to detect a change in the growth rate of the cells that 
is related to the readdition of Ab-coated beads. Thus we have 
concluded that CD4 cell proliferation kinetics can remain expo- 
nential and independent of the periodic changes in cell volume. A 
trivial explanation for the periodic changes in cell volume would 
be that the beads were included in the cell sizing process, as par- 
ticles bound to the cell. The beads have a volume that is similar to 
that of resting cells, and the beads can be electronically gated out 
from analysis of activated, but not resting, cells. The following 
observation indicates that the addition of beads does not account 
for the periodic changes in cell volume, as the beads could be 
removed from the cell culture on day 3 of culture by magnetic 
separation, and the beadfree cells were still found to exhibit the 
cell enlargement and gradual return to near resting volume. Fi- 
nally, if cells were allowed to grow in culture until their size re- 
turned to resting cell volumes, they became unresponsive to re- 
stimulation, and cell loss from apoptosis began to occur (data not 
shown). 

Stimulation with immobilized anti-CD3/CD28 of CD4 + T 
cells results in polyclonal proliferation 

To determine whether the cell growth induced by immobilized 
anti-CD3/CD28 was polyclonal, 10 mAbs directed at 7 different 
TCR V0 families covering about 40% of the VfS repertoire were 
used to stain cells at the beginning and at day 71 of the culture. As 
shown in Figure 3, anti-CD3/CD28 stimulation was able to main- 
tain a polyclonal population of CD4 + T cells for 71 days, as all 
tested V/3 families remained present and there was no variation by 
more than twofold in the abundance of any given family. The 
CD4 ' T cells shown in Figure 3 arc from the same culture shown 
in Figure 2/?, so that after 71 days these cells had a mean PDL 
of 33.2. 
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Table I. Summary ot pn>l 'iterative rates of adult CD-I " V cell* stimulated hy immobilized auti-COJ plus anti-CD28 tor 10 separate 
experiments 







Duration 




Population 


Exponential 








of Culture 


Fold 


Doubling Time 


Growth 


Correlation 


Exp. 


Medium 


(days) 


Expansion 


(hours) 


(days) 


Coefficient 


1 


No IL-2 


33 


1.8 E + 04 


44 


14 


0.991 


2 


No IL-2 


34 


3.2 E + 05 


35 


17 


0.980 


3 


No IL-2 


40 


8.3 E + 04 


42 


19 


0.996 


4 


No IL-2 


44 


2.3 E + 05 


35 


16 


0.988 


5 


No IL-2 


44 


5.0 E + 05 


33 


16 


0.982 


Average 




39 


' 2.3 E + 05 


38 


16 


0.987 


6 


IL-2 Added Day 33 


65 


V 8.5 E + 05 


59 


27 


0,995 


7 


IL-2 Added Day 28 


76 


5.0 E + 09 


41 


45 


0.994 


8 


IL-2 Added Day 49 


78 


4.6 E + 10 


48 


61 


0.996 


9 


IL-2 Added Day 31 


84 


4.4 E + 08 


64 


69 


0.997 


10 


IL-2 Added Day 41 


106 


4.1 E + 08 


54 


33 


0.993 


Average 


82 


1.0 E + 10 


53 


47 


0.995 



Cells were stimulated in the absence of feeder cells as indicated in Materials and Methods, and for experiments 1 -5 cells were grown for the duration of the culture 
without the addition of exogenous cytokines. For experiments 6-10 cells were grown without the addition of exogneous cytokines until recombinant human IL-2 was 
added on the indicated day, as exemplified in Figure 2 A. The proliferative capacity was not assessed in experiments 1-5 as the cultures were terminated while cells 
remained in exponential growth, whereas experiments 6-10 were terminated when cell cultures began to display a plateau phase. Population doubling (PD) time was 
determined by analysis of the exponential phase of cell growth by linear regression as described in Materials and Methods. The cultures had exponential growth as 
indicated by the goodness of fit of the growth curve with a straight line. The duration of exponential proliferation is indicated. 



To further analyze the effect of prolonged CD4 cell culture on 
the TCR repertoire, a PCR approach based upon measurement of 
the length of CDR3 was used. CD4 cells were cultured for 60 days 
in the presence of anti-CD3 and CD28 -coated beads and the TCR 
clonotypes of 20 Vj3 families determined by RNA PCR analysis 
(22, 30). The PCR products were analyzed on an automated DNA 
sequencer and the intensity of the bands depicted on plots with the 
heights corresponding to the intensity of the fluorescent bands. The 
V/3 repertoire as assessed at the start of culture was diverse as each 
Vj3 family had a gaussian distribution pattern of an average of 
eight peaks separated by three nucleotides (Fig. 4). Visual inspec- 
tion after 60 days of culture indicated that a less heterogeneous 
profile of CDR3 sizes was present. About 75% of the V0 families 
remained with diverse profiles while the remaining showed clonal 
peaks that suggested oligoclonal expansions. Thus, prolonged cul- 
ture of CD4 cells with anti-CD3 and CD28 can result in the clonal 
contraction or expansion that is not apparent with FACS analysis. 
However, this high resolution analysis indicates that the culture 
retains much of the input diversity. 

Cytokine mRNA and protein is more abundant in CD4 + T 
cells stimulated with and CD3 + anti-CD28 than with 
anti-CD3 + recombinant human IL-2 

It has previously been shown that CD28 stimulation results in in- 
creased cytokine production through stabilization of cytokine 
mRNA as well as through increased de novo synthesis (31). Figure 
5 shows that the induction of IL-2 and TNF-a mRNA following 
anti-CD3/CD28 stimulation is much more pronounced and pro- 
longed than mRNA induced following anti-CD3 + recombinant 
human IL-2 stimulation. The enhanced cytokine expression did not 
reflect differences in growth rate, as the cell proliferation was 
equivalent for the first several weeks of culture, as shown in Figure 
I. Cytokine gene expression was not constitutive, as mRNA for 
IL-2 and TNF was not detected on day 8 before restimulation. 
However, inducible cytokine mRNA expression was observed on 
restimulation. To determine whether this increase in cytokine 
mRNA correlated with secretion, supernatants from CD4 + T cells 
stimulated with anti-CD3 beads + recombinant human IL-2 or 
anti-CD3/CD28 beads were collected after 24 h and assayed for a 
variety of cytokines and chemokines by ELISA, as shown in Fig- 
ure 6. Anti-CD3/CD28 not only induced higher levels of most 



cytokines by significant amounts, but also induced the secretion of 
detectable levels of IL-4 and IL-13. The pattern of lymphokine 
production reflected what has been seen in ThO/Thl cells (32, 33). 
Shown in Table II is the level of cytokine contained in superna- 
tants from anti-CD3/CD28-stimulated cells from the CD4 cells 
shown in Figures 2 and 3. Supernatants were collected 24 h after 
the first four stimulations with anti-CD3/CD28 beads and corre- 
sponding to the day of culture shown in the table. Levels of IL-2 
and IFN-y induced remained high compared with IL-4, indicating 
the maintenance of a ThO/Thl phenotype. Earlier studies have 
shown that long-term culture of T cells with anti-CD3 and anti- 
CD28 can lead to a population of cells that secretes predominantly 
Th2-type cytokines (34). However, these studies were performed 
with anti-CD3 and anti-CD28 in trans, that is, with anti-CD3 im- 
mobilized on plastic and soluble anti-CD28. If anti-CD3 and anti- 
CD28 are presented in cis (immobilized on the same bead), the 
present results suggest that a progressive bias toward Th2 cytokine 
patterns does not occur. These results suggest that the manner in 
which CD3 and CD28 are stimulated on the surface of T cells 
results in differential signal strengths or in differential signals gen- 
erated through the TCR and CD28 that can elicit distinct patterns 
of cytokine secretion. These findings may prove useful in adoptive 
immunotherapy approaches where skewing toward a particular cy- 
tokine profile is desirable. 

Discussion 

Conditions have been developed that permit extensive in vitro 
CD4 cell propagation. Although we are not aware of previous stud- 
ies documenting long-term (>4 wk) proliferation of polyclonal 
CD4 cells, anti-CD3 plus anti-CD28 mAbs have been used by 
others to clone T cells with high efficiency. Riddell and Greenberg 
(35) cloned CMV-spectfic CD8 + T cells and maintained these 
cells for 3 mo in culture, at which time they maintained their Ag- 
tytic activity. Another study has demonstrated cloning of 
CD4+CD45RO" T cells under feeder cellfree conditions. How- 
ever, the addition of exogenous cytokines was required (36). CD2 
stimulation has also been utilized in concert with CD28 stimula- 
tion to induce long-term autocrine proliferation of CD4 + T cell 
clones (37). 
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FIGURE 3. Assessment of TCR V0 repertoire by FACS after anti- 
CD3- and anti-CD28-mediated proliferation. Polyclonality was as- 
sessed by FACS analysis using mAbs to TCR V/3 families with 10 dif- 
ferent mAbs (T Cell Diagnostics and Immunotech) covering 7 different 
TCR V/3 families as well as an anti-CD4 mAb. Cells from the experi- 
ment shown in Figure 2 were stained on the day of initiation of the 
culture (day 0) and after 71 days in culture. Day 71 of the culture 
corresponds to a 10 log 10 -fold expansion or 33.2 mean PDs. The per- 
cent positive cells was designated as those with fluorescence intensi- 
ties greater than 98% of cells stained with phycoerythrin- or FITC- 
conjugated isotype-specific normal mouse Ig as control. Analysis was 
performed on a Coulter Epics Elite. 



Long-term growth of CD4 + T cells following CD3/CD28 stim- 
ulation followed a predictable pattern. Exponential growth was 
observed throughout the culture. In spite of this the cells exhibited 
periodic changes in cell volume. The basis for the cyclic changes 
in cell size remain unknown but may relate to differences of cell 
cycle distribution. Alternatively, the changes in cell size may in- 
dicate a previously unrecognized cell growth function that is reg- 
ulated by CD3/CD28 stimulation. In support of this, we have noted 
that cells stimulated in costimulation-deficient conditions, such as 
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with mitogenic lectins and recombinant human IL-2, proliferate at 
equivalent rales and maintain smaller cell volumes. Cell sizing is 
useful tor determining when to resiiuuilate the cultures, thereby 
avoiding the plateau in growth curves that occurs with standard 
culture techniques. This is one facto, that is important in avoiding 
apoptosis and maintaining TCR repertoire during prolonged in 
vitro culture. 

Early in the cultures, cells secreted large amounts of 1L-2 and 
other cytokines, allowing for autocrine proliferation in the absence 
of added cytokines. However, cells eventually required the addi- 
tion of exogenous recombinant human IL-2 to continue prolifer- 
ating. Whether this progression from an autocrine to a paracrine 
state is a natural state of differentiation of peripheral blood-derived 
CD4 + T cells or a reflection of the in vitro aging induced by this 
method of culture is currently under investigation. We have ob- 
served that CD28 receptor levels decline when CD4 + T cells were 
cultured for several weeks (data not shown). The absence of CD28 
on the cell surface would mean that a costimulatory signal could 
not be delivered by anti-CD3/CD28-coated beads and thus would 
account for the necessity of adding exogenous recombinant human 
IL-2. In fact, the decline in CD28 expression with age (38) and 
during progression to AIDS (39-42) is well documented. Follow- 
ing the induction of anergy in either resting or activated T cells, 
CD28 is down-regulated at the level of mRNA (43). Recently 
Lloyd el al. (44) showed that IL-4 could down-modulate CD28 
expression on CD8+ T cells. These CD28~ cells were found to be 
less responsive to anti-CD3-mediated proliferation than 
CD28 + CD8 + T cells. 

Immobilizing anti-CD3 and anti-CD28 on beads allowed the 
I titration of the signal delivered through the TCR/CD3 complex 
\ with the signal delivered through the CD28 receptor. Wejound 
i that soluble anti-C D28_di^^ long-term proliferation 

\ e^v^jovm^&l^^^S- P[eji™ " ar y studics sjj Sffl 
1 tjgMhjs is due to t he ability of immob^ dami^D28jto maintain 
CD28 ex pression, wherea s_sglublejCD2^ 
of CD28ex pression (data not shown). The fact that_earlier studies 
have used soluble anti-CD28 may be the primary r easonjhat long- 

r eported. Timing, or the delivery, of the signal to the TCR as well 
as accessory molecules can affect cellular responses such as pro- 
liferation and apoptosis (45, 46). For this reason we titrated the 
relative amounts of anti-CD3 (OKT3) and anti-CD28 (9.3) on 
beads and found that for long-term growth of CD4 + T cells, a ratio 
of 1:1 was optimal (data not shown). Similarly we determined the 
optimal ratio of beads to cells for long-term growth and found that 
there was no difference between 3 beads per cell and 1 bead per 
cell, but at 0.3 beads per cell long-term growth was not sustained 
(data not shown). This signal was independent of CD3 ligation per 
se, as pharmacologic simulation of CD3 stimulation by phorbol 
ester and calcium ionophore was also enhanced by the addition of 
anti-CD28 mAb. 

CD28 stimulation delivered a specific signal that enhanced cell 
growth compared with stimulation with anti-CD3 alone. The initial 
rates of proliferation were equivalent in CD3 and recombinant hu- 
man IL-2-stimulated cultures compared with CD3 and CD28-stim- 
ulated cultures. However, cells stimulated with optimal amounts of 
anti-CD3 in the presence of exogenous recombinant human IL-2 
did not maintain prolonged growth. These results are in agreement 
with previous studies in the mouse indicating that Ag-dependent 
clonal expansion of CD4 + T cells in vivo is dependent on CD28 
costimulation (47). This may be due to the ability of CD28 to promote 
lymphocyte survival in both human and mouse T cells (5, 6). 
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FIGURE 4. Assessment of TCR V/3 repertoire by PCR after anti-CD3- and anti-CD28-mediated proliferation. Polyclonality was assessed by CDR3 
length of the variable 0 region for 20 V/3 families and a C/3, as described in Materials and Methods. Resting CD4 + T cells isolated from an apheresis 
product (day 0) and CD3/CD28-stimulated cells on day 60 of culture were analyzed. A gaussian distribution of the eight CDR3 length fragments 
indicates a polyclonal population, and a nongaussian distribution indicates either an expansion or deletions in particular V0 subsets within the 
same family. 



The ability to propagate Ag-nonspecific or polyclonal T cell 
lines first became possible following the identification and char- 
acterization of IL-2 as a T cell growth factor (48). However, mixed 
populations of CD4 + and CD8 + would eventually result in a pop- 
ulation of cells that was predominantly CD8 + (49). Furthermore, 
polyclonal T cell propagation has not been demonstrated with 
IL-2, possibly due to the ability of IL-2 to prime activated T cells 
for apoptosis. Subsequent studies of the long-term growth of hu- 
man T cells have necessitated the use of IL-2 in addition to mito- 
genic lectins and autologous or irradiated allogeneic feeder 
cells (37, 50, 51). 

Our present studies indicate that polyclonal populations of adult 
CD4 cells can proliferate for a 10 9 - to 10 M -fold expansion, equiv- 
alent to 30 to 40 PDs. Previous studies by Effros and coworkers 
have addressed the lifespan of T lymphocytes in vitro (50). They 
reported a mean PD of 23 ± 7 from adult T cells using lectins and 
feeder cells for cell propagation. We have consistently achieved 
higher PDLs. Furthermore, while some reports indicate that rare T 
cells can grow in vitro for up to 80 PDs (52, 53), our present results 



indicate that this does not appear to reflect the replicative capacity 
of the vast majority of polyclonal peripheral T lymphocytes. Thus, 
our studies indicate that the replicative capacity of CD4 cells is 
extensive but finite. In separate studies we found heterogeneous 
replicative properties of CD4 cells as we found that naive cells had 
a greater replicative capacity than memory CD4 cells (29). In vitro, 
costimulation by anti-CD28 appears to have a role in telomerase 
induction (54); however, it remains to be established whether this 
has any function in determining the long-term proliferative capac- 
ity of the cultures that we observe in vitro or in determining T cell 
replicative capacity in vivo. 

The role of CD28 costimulation in T cell differentiation re- 
mains controversial. In mice, CD28 costimulation is required to 
prime Thl and Th2 cells; however, CD28 appears to promote 
the differentiation of cells that secrete Th2 cytokines (55). We 
have examined cytokine production in cultures following stim- 
ulation with beads bound with both anti-CD3 and anti-CD28 
(cis stimulation) and found a maintenance of a Thl profile of 
cytokine production over several rounds of stimulation during 
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FIGURE 5. Cytokine gene expression remains inducible in cultures of exponentially proliferating CD4 + T cells after anti-CD3 plus anti-C 
stimulation. CD4 + CD28 + T cells were stimulated and maintained in culture as described in Materials and Methods. On day 1 or 8 of the cul 
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IL-2 100 U/ml or plastic-immobilized anti-CD3 plus anti CD28 1 /ig/ml for IL-2, TNF-a, and HLA class I mRNA expression as described in 
Materials and Methods. 
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FIGURE 6. 
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three beads per cell. IL-2 as measured by ELISA was 189,600 pg/ml for anti-CD3- plus anti-CD28-coated beads and 40,812 pg/ml for anti-CD3- 
coated beads plus recombinant human IL-2 100 U/ml. Supernatants for cytokine analysis were collected 24 h later and appropriate dilutions 
analyzed by ELISA as described in Materials and Methods. Sensitivity of the ELISA kits were as follows: IFN-y, 15.6 pg/ml; TNF-a, 15.6 pg/ml; 
granulocyte macrophage-CSF, 15.6 pg/ml; IL~4, 15.6 pg/ml; IL-5, 15.6 pg/ml; IL-10, 15.6 pg/ml; IL-13, 19.5 pg/ml; MIP-1a, 31 .25 pg/ml; MIP-10, 
31.25 pg/ml; and RANTES, 31.25 pg/ml. 



long-term culture. This confirms previous studies that costimu- 
lation in cis is more efficient than in trans (56). Although the 
mechanism leading to these results remains unknown, we favor 
the notion that different strengths of Ag dose and costimulation 
can lead to distinct Thl and Th2 differentiation. It is also pos- 
sible that these different forms of stimulation lead to selective 
survival of Thl- or Th2-like cells, and further studies will be 
required to distinguish these possibilities. Together, the present 



results help clarify apparent differences from previous studies 
of cytokine secretion patterns after CD28 stimulation where 
repetitive trans stimulation could lead to the emergence of a 
Th2 phenotype (34), while repetitive cis stimulation maintained 
cytokine secretion patterns consistent with a Thl phenotype 
(19, 28). Regardless of the mechanism involved, it is possible 
that these results might be useful to produce polyclonal popu- 
lations of T cells that have Thl or Th2 bias. 
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Supernatant* were collected 24 h after each stimulation. For stimulations 2, 
3, and 4, cells were washed out of conditioned media and reseeded into (resh 
media in order to measure de novo cytokine production. Values shown are in 
pgfrrtl. Sensitivity of the EL1SA kits were as follows: IL-2, 61 pg/ml; IFN-y, 40 
pg/ml; IL-4, 62.5 pg/ml. 



Many lines of evidence point to an impairment of the cellular 
immune system with increasing age. Engwerda, Handwerger, and 
Fox (57) have shown that the response of both CD4 and CD8 or 
naive and memory cells to CD28 costimulation is impaired in aged 
mice. However, in aged humans there is a decline in CD28 ex- 
pression (38), and a recent study has detected clonal expansions 
within certain TCR V/3 subsets in aged humans (58). One reason 
for decreased immune function or repertoire in the elderly is 
thought to be related to the decrease in thymic export of T cells 
following involution. In a study of CD4 + T celt regeneration fol- 
lowing chemotherapy, Mackall et al. (59) found that age or thymic 
volume correlated with the ability and speed of CD4 cell counts to 
return to pretreatment levels. Thus, the ability of peripheral T cells 
to expand ex vivo and reconstitute an impaired immune system has 
remained in doubt. Thejlata p resented here provide furth exevi- 
dence that substantial ex vivo expansio n oj^ojycJojialCD4lLT 
ceflsTis possible foll o wing cyclical stimulation with im mobilized 
anti-CD3 and anti-CD28 mAbs . Highly diverse populations of 
CD4 cells could be maintained for at least 8 wk in cultures. All 
results are compatible with the notion that this approach leads to 
physiologic cell growth. Furthermore, in experiments involving 
cells from more than 100 donors, we have not observed transfor- 
mation after CD3 and CD28 stimulation. Thus, this approach 
should permit adoptive immunotherapy and gene therapy strate- 
gies for immunodeficiencies and malignancies, as well as facilitate 
further studies on the replicative capacity of T cells. 
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